BACKGROUND AND PURPOSE: Diffusion tensor imaging (DTI) has been widely used to investigate the development of white matter (WM). However, information about this development in healthy children younger than 2 years of age is lacking, and most previous studies have only measured fractional anisotropy (FA). This study used FA and radial and axonal diffusivities in children younger than 2 years of age, aiming to determine the temporal and spatial development of axonal maturation and myelination of WM in healthy children.
T he understanding of early human brain development, especially the maturation process of white matter (WM), is both of great scientific and clinical importance. [1] [2] [3] [4] Several studies have specifically focused on the development of WM in pediatric subjects by using MR imaging. Although it has been suggested that the most rapid pace of maturation of WM occurs during the first 2 years of life, 2, 5 the majority of the studies to date have been carried out on either the preterm neonate, 3, 4, 6, 7 older children, 8, 9 or a relatively small sample size during this critical period of time from birth to 2 years of age. 1, 5, [10] [11] [12] [13] Therefore, information on normal development of WM in very young children is insufficient. To this end, quantitative assessments of the WM in healthy children up to 2 years of age are highly desirable for the understanding of early WM maturation.
Due to its sensitivity to the microscopic motion of water molecules, diffusion tensor imaging (DTI) has become the method of choice for the measurement of local water diffusion characteristics. [14] [15] [16] The underlying physical mechanism is that the relative angle () between the direction of the applied diffusion gradients and the direction of water diffusion determines the extent to which MR signal intensity is altered in the presence of diffusion gradients; the maximum signal-intensity reduction occurs at ϭ 0 (parallel), whereas no signal-intensity change is anticipated at ϭ 90°(perpendicular). Therefore, applying diffusion gradients along noncollinear directions, one can use a tensor matrix to characterize the directions of water diffusion. Subsequently, the 3 eigenvalues ( 1 , 2 , and 3 ) obtained through matrix diagonalization of the tensor matrix can be used to derive diffusion indices such as relative anisotropy, fractional anisotropy (FA), and volume ratio. Although these indices, especially FA, have been widely used to characterize diffusion anisotropy in various brain tissues, they lack the ability to provide more insights into the underlying microstructural changes of WM.
Recently, Song et al and Budde et al [17] [18] [19] proposed to separate the 3 eigenvalues ( 1 , 2 , and 3 ) into 2 parameters that may have different physiologic implications: parallel ( 1 ) and perpendicular ( 2 and 3 ), also known as axial diffusivity ( ʈ ϭ 1 ) and radial diffusivity ( Ќ ϭ ( 2 ϩ 3 )/2), respectively. With animal models of neurodegenerative diseases, Song et al and Budde et al [17] [18] [19] demonstrated that a reduction of axial diffusivity may be indicative of axonal injury, whereas an elevation of radial diffusivity may reflect demyelination. Therefore, they concluded that using both the axial and radial diffusivities may provide more specific physiologic underpinnings of the microstructural changes in WM than those available through FA.
In this study, axial and radial diffusivities with FA were used to characterize temporal and spatial developments of axonal maturation and WM myelination in healthy pediatric subjects during the first 2 years of life. Rapid axonal growth and elongation and formation of new barriers to water mobility such as microtubules and myelination in WM are likely to affect both axial and radial diffusivities in different ways. [17] [18] [19] Characterizing the changes of these directional diffusivities should shed new light on our understanding of the underlying microstructural development in WM during this essential developmental period.
Materials and Methods

Subjects
The study subjects were part of a large ongoing study of brain development in healthy and high-risk children. 20 Pregnant women were recruited during the second trimester from the outpatient obstetrics and gynecology clinics at the University of North Carolina hospitals. Exclusion criteria were the presence of abnormalities on fetal sonography or major medical or psychotic illness in the mother. Informed consent was obtained from the parents, and the experimental protocols were approved by the institutional review board. None of the subjects were sedated for MR imaging. Before neonates were imaged, they were fed, swaddled, and fitted with ear protection. In contrast, for the children 1 and 2 years of age, the parent or a study coordinator held them and sat on a rocking chair inside the MR imaging scanner until the subject fell asleep. Headphones were put on the subject who was then placed in the head coil. With these procedures, most of the subjects slept during the imaging examination. We retrospectively identified 60 healthy subjects, including 20 neonates (12 male and 8 female; mean age, 22 Ϯ 10 days), 20 children 1 year of age (8 male and 12 female; mean age, 13 Ϯ 0.5 months), and 20 children 2 years of age (10 male and 10 female; mean age, 24 Ϯ 0.5 months) who met the following criteria: Inclusion criteria were birth between the gestational ages of 35 and 42 weeks, weight that was appropriate for gestational age, and the absence of major pregnancy and delivery complications as defined in the exclusion criteria. Exclusion criteria included maternal pre-eclampsia, placental abruption, neonatal hypoxia or any neonatal illness requiring Ͼ1-day stay in the neonatal intensive care unit, a mother with human immunodeficiency virus, any mother actively using illegal drugs/narcotics during pregnancy, or any chromosomal or major congenital abnormality. In addition, all DTI images were visually inspected, and subjects with apparent motion in DTI images were excluded. Finally, a board-certified neuroradiologist (J.K.S.) reviewed all images to verify that there were no apparent abnormalities in the acquired MR images.
MR Imaging Acquisition
All imaging was performed on a head-only 3T MR imaging unit (Allegra; Siemens Medical Systems, Erlangen, Germany). One image without diffusion gradients together with diffusion-weighted images along 6 gradient directions with a b-value of 1000 mm 2 /s was obtained. The acquisition was repeated 5 times for averaging. Other imaging parameters were the following: TR/TE ϭ 7500/73 ms; section thickness ϭ 2 mm with an intersection spacing of 2 mm; matrix size ϭ 64 ϫ 64; and an in-plane resolution ϭ 2 ϫ 2 mm 2 .
Postprocessing
Diffusion-weighted images were transferred off-line for postprocessing by using software developed in-house. Six elements of the diffusion tensor were determined by multivariate least-squares fitting. Three eigenvalues and eigenvectors were obtained by tensor diagonalization, and subsequently, the axial and radial diffusivities were calculated. FA was calculated to measure the degree of anisotropy. [21] [22] [23] The brain extraction tool algorithm of the FMRIB Software Library (Oxford Centre for Functional MRI of the Brain, Oxford University, UK) was applied to exclude all voxels outside the brain for further analysis. Subsequently, 1 subject in each age group was chosen as the template and bidirectional B-spline coregistration was performed, which ensured symmetry between source images and template images. The distance between knots of the 3D B-spline model was gradually decreased by half, leading to an increase of grid size of the 3D control point array from 5 ϫ 5 ϫ 5, 7 ϫ 7 ϫ 7, 11 ϫ 11 ϫ 11, and finally to 19 ϫ 19 ϫ 19. This allowed registration of individual subjects to their corresponding templates by using the FA maps. The transformation matrices were saved for each individual with subsequent coregistration of the axial and radial diffusivity maps to the templates. After registration, mean FA maps were calculated for each age group.
Region-of-Interest Analysis
Eight regions of interest were placed on the mean FA maps for each age group by a board-certified neuroradiologist (V.J.). Attention was given to place the regions of interest at the center of the structure of interest so as to minimize variation. These regions of interest included the following: the genu of corpus callosum (GCC); splenium of corpus callosum (SCC); body of corpus callosum (BCC); posterior limb of internal capsule (IC); cortical-spinal tract (CST); optic radiation (OR); frontal peripheral WM (FPW); and posterior peripheral WM (PPW). These regions of interest were chosen such that both central and peripheral WM areas were included so as to assess the temporal and spatial alterations of diffusion anisotropy and directional diffusivities across different WM regions. The region-of-interest sizes varied between different groups, owing to the changes in brain size. For the neonate group, the number of voxels in each region of interest ranged from 8 to 20 with a median of 10, whereas the region-ofinterest sizes were similar between the 1-and 2-year-old groups and ranged from 10 to 45 with a median of 18 voxels. The values of FA and axial and radial diffusivities for each region of interest were then obtained for each individual subject, which were then used for subsequent group analysis.
Statistical Analysis
The analysis of variance for multiple comparisons with age as the single factor was used for statistical analyses. A P Ͻ .05 was considered significant.
Results
Representative examples of the axial and radial diffusivities and FA for the 3 age groups are shown in Fig 1, demonstrating the excellent image quality. It is apparent that marked changes in all 3 parameters are seen between neonates and 1-year-olds, whereas the differences between 1-and 2-year-olds are more subtle. A direct comparison of the 3 diffusion parameters among the 3 age groups is shown in Fig 2, where the values represent the mean of all regions of interest of each age. Consistent with the reported results in the literature, FA increases as a function of age; a significant increase in FA is observed from neonates to 1-year-olds (P Ͻ .0001), whereas the FA is comparable between 1-and 2-year-olds (P Ͼ .05). In contrast, both axial and radial diffusivities decrease with age. Similar to PEDIATRICS ORIGINAL RESEARCH that observed in FA, the major changes of axial and radial diffusivities occur between neonates and 1-year-olds (P Ͻ .0001), whereas only the radial diffusivity exhibits significant reduction from 1-to 2-year-olds (P ϭ .0014).
For further examination of how WM maturation differs with age across different anatomic regions, the Table summarizes the 3 diffusion parameters of all regions of interest. The general pattern follows that observed in Fig 2; FA increases and both axial and radial diffusivities decrease with age for all regions of interest. However, there is a substantial variability across different anatomic regions. Figure 3 provides more detailed analysis on anatomic locations exhibiting statistical differences among groups. All 3 diffusion parameters are highly significantly different between neonates and 1-year-olds for all regions of interest. In contrast, anatomic regions exhibiting statistical changes differ among the 3 diffusion parameters between the 1-and 2-year-old groups. For the axial diffusivity, only the FPW and OR show significant changes. Most interesting, with the exception of SCC, all regions of interest exhibit significant changes for radial diffusivity from 1-to 2-yearolds, albeit the statistical significance levels are different. Finally, with the exception of the FPW and SCC, the FA is statistically different between 1-and 2-year-olds for all remaining regions of interest.
The rates of increase/decrease of diffusion parameters with age are shown in Fig 4 for different anatomic regions. The axial and radial diffusivities and FA of 1-and 2-year-old groups are normalized to the corresponding values at each region of interest of the neonatal group. A rapid decrease in both axial and radial diffusivities with a marked increase in FA is observed from neonates to 1-year-olds, followed by relatively stable axial and radial diffusivities and FA from 1-to 2-year-olds. Radial diffusivity reveals a much larger reduction than axial diffusivity from neonates to 1-year-olds. The reduction of axial diffusivity between neonates and 1-year-olds ranges from almost no change (94.5%) for CST to 76% in neonates for FPW. In contrast, the smallest reduction of radial diffusivity is 79% (OR) and the largest is 44% (SCC) for neonates. The most substantial increase in FA from neonates to 1-year-olds is in the FPW, whereas the smallest is in the CST.
Finally, the comparisons of the 3 diffusion measures at the same age but in different anatomic areas reveal the spatial behaviors of WM maturation (Fig 5) . Fig 5 is shown in such a way that the values of axial diffusivity and FA are sorted in a descending order, whereas the radial diffusivity is sorted in an ascending order on the basis of the values of the 2-year-old group. Generally speaking, the results from the 1-(pink line) and 2-year-old groups (green line) show a consistent trend, whereas the neonate group (blue line) is more variable and does not follow the same patterns as those shown in 1-and 2-year-old groups. The general trend indicates that the corpus callosum (GCC, SCC, BCC) has the highest axial diffusivity and FA, followed by the CST, OR, IC; and the lowest is in the peripheral WM area (PPW, FPW). The radial diffusivity increases follow a pattern similar to that of the axial diffusivity with the exception that the development of the IC appears more advanced compared with that of the GCC and BCC. Discussion DTI has been widely used to assess WM maturation in pediatric subjects. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] 24, 25 However, few studies thus far have specifically focused on the age range investigated in our study, particularly with a large sample size. In addition, most of the studies to date have mainly used FA to delineate WM maturation, which may not provide the underlying microstructural changes with age. In this study, both axial and radial diffusivi- Representative examples of axial diffusivity, radial diffusivity, and FA from 3 subjects; 1 subject for each age group is shown. All images are scaled to the same window and level settings to allow a direct comparison across subjects. Both the axial and radial diffusivities decrease, whereas the FA increases with age.
Fig 2.
The main values of the axial diffusivity, radial diffusivity, and FA from all 8 regions of interest are shown. A significant reduction (P Ͻ .0001) of both axial and radial diffusivities and elevation (P Ͻ .0001) of FA are observed from neonates to 1-year-olds. The changes from 1-to 2-year-olds are more subtle for both axial diffusivity and FA, whereas a significant reduction (P ϭ .0014) in radial diffusivity is observed. The labels for the left and right y-axis represent the directional diffusivities and FA, respectively. ties along with FA were used, aiming to gain more insight into the underlying biologic developments associated with WM maturation, namely axonal growth and myelination. Consistent with the results reported in the literature, 2,5,26-30 a marked increase in FA from neonates to 1-year-olds is observed, followed by a more subtle increase from 1-to 2-year-olds.
The region-of-interest analysis offers additional details regarding the spatial pattern of WM maturation. Specifically, all 8 regions of interest exhibit a highly significant (P Ͻ .0001) elevation of FA from neonates to 1-year-olds (Fig 2) , indicating a rapid development of WM during the first year of life. However, with the exception of CST and OR, which exhibit highly significant elevation of FA from 1-to 2-year-olds (P Ͻ .001), the level of statistical significance is reduced (P Ͻ .05) in GCC, BCC, and PPW. In addition, the FA values in the SCC, IC, and FPW are comparable between the 1-and 2-year-old groups, though the physiologic underpinnings for the lack of FA changes in SCC, IC, and FPW may differ. It is plausible that both SCC and IC are well developed by 1 year of age and thus exhibit subtle changes in FA (Table) . In contrast, the FA values are approximately 0.3 at the FPW at 1 and 2 years of age and thus most likely reflect the slow pace of WM development in the frontal lobe from 1 to 2 years of age. However, caution should be taken in interpreting these results on the basis of FA findings alone and consideration should be given in the context of both axial and radial diffusivities.
In addition to FA measurements, both axial and radial diffusivities, reflecting axonal growth and formation of new barriers and myelination, [17] [18] [19] respectively, were used in our studies to provide potentially additional insights into WM development from 3 weeks to 2 years of age. Haynes et al 4 used GAP43, a marker of axonal growth and elongation, to analyze parietal central WM tissues. They showed a high level of GAP43 staining from 24 to 64 postconceptional (PC) weeks, which span the pre-and postnatal periods, implying rapid axonal development, which progressed to a slower adultlike level of axonal development beyond 17 postnatal months (ϳ1.5 postnatal year). In contrast, myelination begins from 54 PC weeks (ϳ2.5 postnatal months) to 72-92 PC weeks (ϳ6.5 postnatal months to 11.5 postnatal months), spanning approximately the entire first year after birth. Together, these results suggest that the onset of axonal growth is earlier (prenatal) and most rapid during the first 5 postnatal months, whereas myelin maturation begins about 2.5 months postnatally and continues throughout the first year of life.
Therefore, with regard to measurements of axial and radial diffusivities, one would expect smaller changes of axial diffusivity during the first year of life than in radial diffusivity (myelination) because maturation of myelin is the dominant process during this period of life. Indeed, Partridge et al 3 reported smaller changes of 1 (axial diffusivity), whereas both 2 and 3 (radial diffusivity) exhibited a marked change in 14 preterm neonates imaged at gestational ages between 28 and 43 weeks. Similarly, our study (Fig 4) demonstrates the extent to which radial and axial diffusivity reduction differs during the first year of life; the axial diffusivity decreases to approximately 0.75 ϳ 0.95, whereas radial diffusivity reduces to 0.44 ϳ 0.69 of that in the neonate group, suggesting more rapid myelination than axonal growth from 3 weeks to 1 year of age. Our findings are thus highly consistent with those reported by Haynes et al. 4 Whereas all 8 regions of interest exhibit significant changes of axial and radial diffusivities from neonates to 1-year-olds, these same regions begin to differ with regard to how the axial and radial diffusivities change from 1 to 2 years of age (Fig 3) . The OR and FPW reveal significant changes in axial diffusivity consistent with continued axonal development, whereas with the exception of the SCC, the remaining 7 regions of interest exhibit significant changes in radial diffusivity, suggesting that myelination is the dominant process during the second year of life in these areas. In addition, as mentioned previously, no changes in FA were observed in SCC, IC, and FPW from 1 to 2 years of age. Based on the FA findings, our initial interpretations, as discussed previously, were that the SCC and IC are well developed, whereas the developmental pace in FPW is slow. Consistent with the finding of FA, no changes in both axial and radial diffusivities were observed in the SCC. However, some discrepancies were observed in both the IC and FPW. Both axial and radial diffusivities exhibited significant changes in the FPW, indicating continuing rapid myelination and axonal growth during this period in contradistinction to our original interpretation based on FA. In addition, a significant reduction of radial diffusivity in the IC was observed, suggesting continuing myelination.
Furthermore, although a significant elevation in FA was observed at the CST, GCC, BCC, and PPW between 1 and 2 years of age, these regions only exhibited significant changes in radial but not axial diffusivity, suggesting that they are going through extensive myelination but not axonal growth during this period of life. Together, these results underscore the importance of using axial and radial diffusivities and reveal the limited specificity of using solely FA to characterize the development of WM. Nevertheless, the radial diffusivity measurements assume that the axons exhibit a perfect cylindric shape with no contributions to the diffusivity perpendicular to the axons. As a result, effects of astrocytes, microglia, and cell surface molecules that extended into the interstitium were ignored.
Our comparison of diffusion parameters by using regions of interest in each age group reveals the spatial maturation pattern of WM. Despite the neonatal group variability, the general maturation pattern begins centrally (SCC, GCC, and BCC), followed by GST, IC, OR, and peripheral WM (PPW and FPW) development as well as from the occipital (PPW) to the frontal (FPW) lobes. These findings are consistent with the results reported by Flechsig 27 and Volpe. 31 Most interesting, although discrepancies regarding the rates and anatomic locations among the 3 diffusion parameters were observed, the general spatial pattern was consistently depicted by using the 3 diffusion parameters.
Song et al 17, 18 hypothesized and subsequently demonstrated in animal models that a reduction of axial diffusivity was associated with axonal injury in mouse models. Contrary to their conclusion, we demonstrated that axial diffusivity decreases from the neonatal period to 2 years of age, which clearly cannot be explained by axonal injury. In addition, it has also been reported by Ashtari et al 32 that axial diffusivities increase and that there are no changes in radial diffusivity with age. These authors speculated that the reduction of fiber tortuosity yields more straightened fibers, improving axonal fiber organization and potentially leading to an increase of axial diffusivity. 32 The discrepancies between our findings and these studies can potentially be explained by the following factors: First, subjects with a mean age of 16.6 years were studied by Ashtari et al, which is clearly much older than the children in our studies. Second, it has been documented that axonal pruning occurs, resulting in refinement of the embryonic nervous system during early development. 33 Thus, the intermingling of axonal branches, the elimination of overabundant axons, and the reduction of the length of axons during the refinement process may potentially account for the observed reduction in axial diffusivity. 34, 35 Finally, postnatal development of the fiber cytoskeleton (ie, the formation of microtubules and neurofilaments 36 ) may also contribute to the decreased axial diffusivity as new barriers form.
Therefore, it is plausible that the relationship between axial diffusivity and age is biphasic, where a reduction of axial diffusivity is present during the first years of life, followed by an elevation of axial diffusivity at a later age. Specifically, axonal pruning and formation of new barriers may be the dominant factor resulting in the observed reduction of axial diffusivity. However, once axonal pruning and cytoskeleton development reach a plateau, fiber straightening may then become the dominant factor, leading to increased axial diffusivity at a later age. These physiologic alterations may also explain the gradual decreasing pattern of axial diffusivity from the central WM (ie, different parts of CC) to the peripheral WM (Fig 5A) , because the central WM is more likely to have well-organized straight fibers, whereas axonal fibers become less organized in the more peripheral areas. Nevertheless, more studies with a wider age range are needed to determine further at what age the axial diffusivity starts to increase after birth.
Two potential limitations associated with our study need further discussion. First, 6 diffusion-gradient directions were used in our study. The choice of the number of diffusiongradient directions reflects a balance between the data-acquisition time and signal-intensity-to-noise ratio of DTI for imaging nonsedated pediatric subjects. Although the use of 6 diffusion-gradient directions may lead to inaccurate measurements of diffusion tensors, 37, 38 because a region-of-interest approach was used with a large sample size, the potential inaccuracy in tensor measurements should not affect the overall conclusions of our study. Second, despite the histologic correlatives reported by Song et al 17, 18 and Kim et al 39, 40 indicating that axial and radial diffusivities may reflect axonal integrity and myelination, definitive physiologic underpinnings of axial and radial diffusivities remain to be enlightened. Therefore, although our results appear to be consistent with the general understanding of the WM maturation in pediatric subjects, the interpretation of our results should be in the context of these limitations.
Conclusions
Using both FA and directional diffusivities, namely axial and radial diffusivities, this study aimed to determine the spatial and temporal characteristics of WM development in healthy children from 3 weeks to 2 years of age, an age range that currently lacks sufficient data. Our results demonstrate that the major changes of FA and radial and axial diffusivities occur from 3 weeks to 1 year for all regions investigated-with elevations of FA and reductions of both axial and radial diffusivities. In addition, much larger reductions in radial diffusivity were observed compared with those demonstrated in axial diffusivity, suggesting that myelination is the dominant process during the first year of life. In contrast, the changes between 1 and 2 years of age were more subtle, though statistical differences were observed in radial diffusivity, suggesting a pruning process. In addition, our results indicate that FA alone cannot differentiate the components of WM maturation. Our study reveals more insight into the underlying biologic changes of WM, which are only obtained when all 3 diffusion parameters are interpreted together. Finally, comparing diffusion parameters across different regions of interest in each age group reveals that the development of WM begins from the center to the peripheral WM and from the occipital to the frontal lobes.
